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Abstract—A low-complexity cooperative wireless and
optical-ﬁber communication scheme is proposed for uplink
communication in a Fractional Frequency Reuse (FFR)
based multicell, multiuser system. The FFR principle is
invoked for improving the cell-edge performance without
reducing the throughput of the cell-center. Each cell is
illuminated with the aid of six Remote Antennas (RAs),
which are connected to the central base-station with
the aid of realistically modelled imperfect optical-ﬁber
links. When a Mobile Station (MS) is located at the
cell-edge, the two nearest RAs can be invoked to detect
and forward the user’s signal to the base-station, based
on the Single-Input Multiple-Output (SIMO) principle.
Furthermore, we design a Turbo Coded (TC) 16-level
Star-Quadrature Amplitude Modulation (StQAM) scheme
for supporting optical-ﬁber-aided cooperative wireless
transmission, where the receiver does not have to estimate
the channel state information. Hence, a lower detection
complexity can be achieved when compared to coherently
detected schemes, albeit naturally, at a 3 dB power-loss.
We also investigated the effect of phase-rotation imposed
by imperfect optical-ﬁber links. We found that our non-
coherent TC-StQAM scheme is robust to both wireless
and optical-ﬁber imperfections.
Index Terms—Wireless communications, Optical-ﬁber
communications, coherent, non-coherent, Turbo Code,
Star-QAM, Imperfect optical ﬁber.
I. INTRODUCTION
The demand for high data rate wireless services
has rapidly increased throughout the development of
the mobile communications. The services facilitated
by wired networks are now migrating to the wireless
domain and are generally characterized by high Quality
of Service (QoS) requirements. However, the cost of
upgrading the infrastructure is massive. In the wired
domain, optical ﬁbers play a vital role in delivering
high-rate data services. The family of hybrid techniques,
which rely on a sophisticated combination of wireless
mobile systems and optical ﬁber links have received
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substantial attention [1]. For example, Digital Fiber
Optic (DFO) links [2] and Radio-over-Fiber (RoF)
techniques [3] have been developed for supporting
multicell systems.
The radical Unity Frequency Reuse (UFR) technique
has been proposed for improving the attainable area
spectral efﬁciency of multicell systems. However, UFR
based schemes exhibit a lower cell-edge throughput due
to their increased co-channel interference. Recently, the
Fractional Frequency Reuse (FFR) technique has been
adopted in the Third Generation Partnership Project’s
(3GPP) Long-Term Evolution (LTE) standard [4] as
well as in the Wordwide interoperability for Microwave
Access (WiMAX) system [5], since it is capable
of improving the cell-edge throughput. The downlink
performance of the FFR based cooperative wireless
and Digital-Fiber-Optic (DFO) aided communication
has been investigated in [2], where a good cell-edge
performance was reported.
Diversity provides an effective mechanism of
combating the effects of channel fading in wireless
communication systems [6]. Single-Input Multiple-
Output (SIMO) aided techniques are capable of
increasing the achievable performance gain, when
communicating over wireless fading channels, provided
that the Channel State Information (CSI) is known at
the receivers [7]–[10]. Most previous work on SIMO
systems was based on the assumption of perfectly
knowing the CSI and hence the corresponding data
recovery typically relied on coherent detection. However,
in practice it is hard to acquire accurate CSI, especially
in rapidly fading mobile environments. Hence, it is
of prime signiﬁcance to design new non-coherent
detection techniques, which dispense with channel
estimation. More speciﬁcally, the soft-decision based
low-complexity Star-QAM (StQAM) technique has been
proposed in [11], which outperformed its hard-decision
based StQAM counterpart [12], when powerful channel
coding schemes [13] are invoked.
Our novel contributions in this paper may be
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Fig. 1. Topology of the 19-cell two-tier FFR based arrangement,
where N = 6 RAs are employed in each cell. .
A
B
F1
R1
R2
R3
R4
R5
R6
B0 Fc
Fig. 2. The structure of the central cell and the MS considered
locations A and B.
summarised as follows:
1) We investigated the uplink performance of FFR
based multicell multiuser schemes, as a comple-
ment of the corresponding downlink investigation
in [2].
2) We further extended the Single-Input Single-
Output (SISO) based non-coherent 16StQAM
scheme of [11] to a SIMO system.
3) We investigated both the Turbo-Coded [13]
16StQAM and 16QAM [12] schemes in the
multicell multiuser uplink system considered,
when imperfect DFO links are considered.
The outline of the paper is as follows. Our system
model is described in Section II, while our results and
discussions are detailed in Section III. Our conclusions
are presented in Section IV.
II. SYSTEM MODEL AND ANALYSIS
The topology of the FFR based multicell multiuser
scheme is shown in Fig. 1, where we have two tiers
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Fig. 3. The simpliﬁed system block diagram of our proposed uplink
wireless-optical SIMO system, where FR is the radio frequency
carrier and Ri denotes the ith RA.
of 19 hexagonal cells, surrounding the central Base-
Station (BS) B0 located at the origin. The frequency-
partitioning strategy of the total available bandwidth F
is characterized by Fc
T
Fe = , where Fc and Fe
represent the cell center’s frequency band and the cell
edge’s frequency band, respectively. Furthermore, Fe
is divided into three orthogonal frequency bands Fi,
for i 2 f1;2;3g. In Fig. 1, D denotes the distance
between two adjacent BSs, while Rcell = D=
p
3 is the
radius of each hexagonal cell. We employ D = 3 km
for the Urban-Macro propagation scenario of [2]. We
will speciﬁcally investigate the performance of uplink
transmission, when the Mobile Station (MS) is located
at positions A and B of Fig. 2, because these constitute
the worst-case scenario at the cell-edge. The MS will be
served by the nearest RA or the nearest two RAs, in the
SISO or SIMO scenario, respectively.
A. Imperfect Optical Fiber Model
We assume that the links spanning from the RAs
to the BS B0, as shown in Fig. 2 and Fig. 3, are
constituted by realistic rather than perfect optical ﬁber
links. The simplest form of the Nonlinear Schr¨ odinger
(NLS) equation can be formulated as [2], [14], [15]:
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where the terms b D and b N are the simpliﬁed forms of
the dispersion and the nonlinear effects, respectively.
Additionally, A(z;t) is a slowly varying envelope
function associated with the optical pulse in the
optical-ﬁber, where z is the propagation distance
and t = t
0
  z=vg
1 is the time, while 2 is the
second-order propagation constant and the coefﬁcient
 characterizes the nonlinear effects. However, the NLS
equation in (1) cannot be readily solved analytically,
when both linear dispersion and various optical
transmission-induced nonlinear effects are present. The
split-step Fourier method (SSFM) [14], [15] is one of the
1t
0
is the physical time, while vg is the group velocity at the
center wavelength.
268popular numerical algorithms used for solving the NLS
equations, owing to its accuracy and relatively modest
computational cost. In the so-called symmetric split-step
scheme, the solution of Eq. (1) may be approximated as:
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Since the linear dispersion and the nonlinear operators
do not commute in general, the solution given in Eq. (2)
constitutes an approximation of the exact solution. The
entire ﬁber length of L = ml may be decomposed into
m consecutive l-length elements. The total optical ﬁber
attenuation, computed based on Eq. (2), is denoted by
AL for simplicity.
Additionally, we have also investigated the phase-
rotation imposed by an imperfect optical ﬁber.
Speciﬁcally, the phase of the kth optical pulse may
be modelled by:
k = k 1 + ~  ; (3)
where ~  2 [ ;] is the phase difference between the kth
and the (k  1)st optical pulse, while  is the maximum
phase difference considered.
B. Detection Model
During the ﬁrst step of the transmission scenario of
Fig. 3, the MS transmits its information to both the RAs
R1 and R2. The kth symbol received at the ith RA Ri
may be expressed as:
ysri;k =
p
Lsrihsri;kxs;k + nsri;k; (4)
where k 2 f1;:::;Kg and K is the number of
symbols transmitted from the MS, while hsri;k denotes
the Rayleigh fading coefﬁcient between the MS and
Ri. Furthermore, nsri;k represents the Additive While
Gaussian Noise (AWGN) having a variance of N0=2
per dimension. Note that Lsri = 10 Lsri=10 denotes the
path-loss factor between the source (MS) and the ith RA
Ri, where Lsri = 10@log10 [
dsri
d0 ] [16] is the pathloss
attenuation in decibel, while @ is the pathloss exponent,
dsri is the distance between the MS, while Ri and d0 is
the reference distance for the antenna far-ﬁeld. We have
considered @ = 2 and d0 = 1 km in this study.
Then, the signals received from Ri are communicated
to the BS on a symbol-by-symbol basis, without
demodulation or decoding. More speciﬁcally, the signal
received at the BS from Ri could be expressed as:
yi;k = ALejkysri;k + nf; (5)
= ALejkp
Lsrixs;khsri;k + ALejknsri;k + nf;
(6)
where again AL is the optical ﬁber’s amplitude
attenuation, k is the phase-rotation introduced by the
imperfect optical ﬁber, nsri;k is the noise at Ri and
nf is Gaussian-distributed noise with a zero mean for
the optical link between Ri and the BS. We considered
Nr = 2 RAs in our SIMO scheme. By denoting the
(1  Nr)-element received signal vector by Yk, the
(1Nr)-element Rayleigh fading channel vector by Hk
and the total (1  Nr)-element AWGN vector by Nk,
the signal received by the BS may be expressed as:
Yk = ALejkxs;kHk + Nk; (7)
where Nr = 2.
At the BS, our soft-decision aided 16StQAM
modem [11] is used, which dispenses with channel
estimation for the sake of low-complexity detection.
The corresponding probability density function (pdf)
of receiving yi;k, when an 8PSK symbol wk and the
amplitude-selection bit ba were transmitted may be
written as:
P(yi;kjwk;ba = 0) =
1
N
(0)
0
e
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2
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where ba is the bit used for the selection of the two
possible amplitudes, namely a(1) and a(2), while the
amplitude ratio (i) may be expressed as:
(i) =
8
> > > > > <
> > > > > :
a(1)
a(1) or
a(2)
a(2) = 1 ; i = 0
a(1)
a(2) ; i = 1
a(2)
a(1) ; i = 2:
(10)
The effective noise variance related to the noise at Ri
and BS, ni;k, depends on the amplitude ratio i used at
the kth time instant, which may be estimated as:
N
(i)
0 = Nf + j(i)j2jALj2jwkj2N0 ; (11)
= Nf + j(i)j2jALj2N0 ; (12)
where the amplitude of an 8PSK symbol is unity,
jwkj = 1, while the noise at the BS nf represents
the AWGN having a variance of Nf=2 per dimension.
Finally, the pdf of receiving y1;k and y2;k conditioned
on the transmission of fb0;b1;b2g(the three bits mapped
to an 8PSK symbol) and ba can be computed as:
P(y1;k;y2;kjb0;b1;b2;ba) = P(y1;kjwk;ba) 
P(y2;kjwk;ba) ; (13)
which is then fed to the turbo decoder [13] for generating
the original information bit sequence transmitted by the
mobile user.
269III. SIMULATION RESULTS
In this section, we characterize the proposed system of
Fig. 2, where the simulation parameters are summarized
in Table I. The Turbo-Coded 16QAM (TC-16QAM)
scheme is used in this section as the benchmark.
Modulation 16StQAM,
16QAM
Mapping Set Partitioning (SP) [12]
Coding TC
Constituent Half-rate Recursive Systematic Convolutional (RSC) code
Code Code Polynomial G=[15 17]
Code
Memory
3
Outer iter-
ations
1
Inner TC
iterations
4
Decoder Approximate Log-MAP
Symbols
per block
1 200
Number of
frames
5 000
Channel Correlated Rayleigh fading channel
having a normalised Doppler frequency of 0.01,
Optical channel
TABLE I
SIMULATION PARAMETERS.
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Fig. 4. BER versus SNR performance of the TC-16QAM and
TC-16StQAM schemes when transmitting over correlated Rayleigh
fading wireless and imperfect optical channels. The simulation
parameters are summarised in Table I and the corresponding cell is
shown in Fig. 2.
Fig. 4 denotes the Bit Error Ratio (BER) versus
SNR performance of both the TC-16QAM and TC-
16StQAM schemes, when transmitting over correlated
Rayleigh fading and imperfect optical channels. As
seen in Fig. 4, the performance at locations A and B
is identical for the SISO scenario, because they have
an identical transmission distance of dsri =
p
3=2 km
from the nearest RA, according to Fig. 2. The TC-
16QAM-SISO scheme outperforms the TC-16StQAM-
SISO scheme by approximately 4 dB at a BER of
10 6, when a perfect CSI is available at the BS. When
the SIMO scheme is considered, the performance at
location B improves more signiﬁcantly than that at
location A. This is because location B has the same
distance from R1 and R2 according to Fig. 2, while
location A is further away from R2. More speciﬁcally,
the TC-16QAM-SIMO scheme performs approximately
6 dB better than the TC-16QAM-SISO scheme at a BER
of 10 6.
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Fig. 5. BER versus SNR performance of the TC-16QAM-
SIMO and 16StQAM-TC-SIMO schemes of Fig. 2 and Fig. 3 for
transmission over correlated Rayleigh fading and imperfect optical
channels. The corresponding simulation parameters are summarised
in Table I. Phase rotations of upto  = f0;0:2;0:4;0:8;1:6g radian
are considered in the optical link.
However, the 16QAM-based scheme cannot work
well, when phase-rotations are imposed by the imperfect
optical-ﬁber. More speciﬁcally, Fig. 5 shows the
performance of both the TC-16QAM-SIMO and TC-
16StQAM-SIMO schemes, when phase rotations of upto
 = f0;0:2;0:4;0:8;1:6g radian are considered in the
optical link. We assume that the CSI of the wireless
link is available at the BS for the TC-16QAM-SIMO,
but the phase-rotation inﬂicted by the optical-ﬁber link
is unknown. As seen from Fig. 5, the TC-16QAM-
SIMO scheme breaks down at  = 0:2 radian, while
the proposed TC-16StQAM-SIMO can still perform
adequately even for  = 0:4 radian.
Let us investigate the BER performance at the cell-
edge scenario of Fig. 2 in our FFR-based cellular
system. The 3D BER versus SNR performance of the
TC-16StQAM-SISO scheme is shown in Fig. 6 for SNR
= 5 dB. There are 12 BER peaks in Fig. 6, which
correspond to all the 12 A and B locations (each 60o
sector has one location A and one location B) in the
hexagonal cell.
When two RAs are used for detecting the mobile
user’s signals, the 3D BER performance of the TC-
16StQAM-SIMO scheme is depicted in Fig. 7 for SNR
= 5 dB. The six BER peaks corresponding to the six
locations of B have disappeared, as a beneﬁt of the
SIMO scheme. The six BER peaks corresponding to
the six A locations have been reduced, although not
completely removed. The BER surface seen in Fig. 7
exhibits a more wide-spread low-BER area compared to
that seen in Fig. 6. This indicates that a better uplink
transmission quality can be achieved, when our SIMO
270scheme is invoked.
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Fig. 6. The 3D BER versus SNR performance of the TC-16StQAM-
SISO scheme of Fig. 2 for transmission over correlated Rayleigh
fading wireless and imperfect optical channels for the whole cell
with SNR = 5 dB. A phase rotation of upto  = 0:1 radian is
considered in the optical link. The other simulation parameters are
summarised in Table I.
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Fig. 7. The 3D BER versus SNR performance of the 16StQAM-
TC-SIMO scheme of Fig. 2 for transmission over correlated Rayleigh
fading wireless and imperfect optical channels for the whole cell with
SNR = 5 dB. A phase rotation of upto  = 0:1 radian is considered
in the optical link. The corresponding simulation parameters are
summarised in Table I.
IV. CONCLUSIONS
In this contribution, we have investigated the
uplink performance of FFR based multicell, multiuser
schemes, where cooperative wireless and optical-ﬁber
communications were combined. We have derived the
SIMO-based soft-demodulation for StQAM and found
that the proposed TC-StQAM scheme is robust to both
wireless and optical-ﬁber induced channel impairments.
More explicitly, the proposed TC-StQAM-SIMO scheme
is capable of removing 6 out of 12 BER peaks at
the cell-edge, despite dispensing with CSI for both
the wireless and optical-ﬁber links. The proposed TC-
StQAM-SIMO scheme constitutes an attractive low-
complexity detection candidate for FFR based multicell,
multiuser LTE and WiMAX systems.
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